This paper proposes a method and instruments for assessing the build quality and the technical condition of an electric gear actuator for an exoskeleton based on determining its starting torque as one of the main indicators of the level of degradation of its components. Existing methods are mainly based on identifying starting torque with the help of additional devices that require involvement of an operator in the measurement process, which increases its time and labor costs and makes it diffi cult to be automated. As opposed to the existing methods and instruments, the method and hardware-software complex developed in this study allow automating the measurement process, does not require expensive equipment, and has potential for conducting technical state control without dismounting an actuator from an exoskeleton. In the experimental part of this paper, the proposed method and tools were evaluated on the basis of electric actuators with reduction gears for an electromechanical orthosis of a lower limb exoskeleton. According to the experimental results, the discrepancy between the values of starting torque obtained separately by an existing method and by the proposed one is within 1.8%, which confi rms the effi cacy and applicability of the developed method for monitoring the technical condition of electric actuators for exoskeletons both at the stage of their production and during their operation.
INTRODUCTION
In the past few decades, signifi cant progress has been made in the development of exoskeletons, which are mobile bionic devices that expand human capabilities and facilitate physical activity by providing active or passive help to the muscles of the body [1] [2] [3] . Their use has become noticeable in many areas of human life [4] [5] [6] , especially in medicine [7, 8] , where exoskeletons allow people with impaired musculoskeletal functions gaining the ability to move independently performing everyday tasks [9, 10] . Compared to traditional physical therapy, auxiliary rehabilitation with an exoskeleton has several advantages, which consist in reducing the working time of therapists, allowing a patient to conduct intensive rehabilitation trainings and providing a quantitative assessment of the level of recovery by measuring strength and movement patterns [2, 11, 12] . Along with the relevance and usefulness of an exoskeleton in a person's life, for a developer and a manufacturer such a multifunctional robotic system is an extremely complex and critical device that requires ensuring a high level of build quality and timely maintenance [13] [14] [15] . In this regard, great attention should be paid to monitoring the technical condition of main components subjected to increased and alternating loads, and failure of which can lead to detrimental consequences for human health and his environment [2, 16] .
Currently, the main operation units that support the motion of human joints and transmit torque to the wearer's controlled limbs are electric actuators [17] [18] [19] . These devices, in particular, those with involute gears, which have a greater specifi c power, are made with a large number of friction nodes and high-precision elements, and, therefore, even minor damage or departure from the desired level of their build quality lead to an increased rate of degradation processes, backlashes and jams, which have a signifi cant impact on their service life [20, 21] . Therefore, the use of modern methods and tools to control their technical condition providing high measurement accuracy and low level of time costs is an important task in the quality improvement and safe operation of exoskeletons. When choosing methods and tools for assessing the build quality and the technical condition of electric gear actuators, special attention should be paid to the possibility of determining the indicators characterizing the level of degradation processes in their separate components, which are mostly infl uenced by the frictional forces. One of such indicators is starting torque, which in a number of scientifi c papers is defi ned as one of the most important indicators of the quality of assembly and the technical state of rotating mechanisms [22] [23] [24] . Currently, the determination of the starting torque of an electric gear actuator is carried out both on an input and on an output links of a reducer [25, 26] . The most prefer able method is to identify the starting torque on an input link, since it has a direct effect on an electric motor. There are, in turn, two main methods for determining the starting torque on an input link. According to the fi rst one [26] , the measurement is reduced to the determination of the force of gravity created by calibrated weights, which are used to overcome the static moment of friction in nodes of an actuator. The second method [25] is more accurate and differs from the fi rst one in that the measurement of the force required to overcome the friction forces is carried out using a spring dynamometer. The main disadvantages of both methods are high requirements for accuracy of conducting experiments and their complexity. As for the output link starting torque, it is measured when it is not possible to take measurements on an input link of a reducer (when dismounting a reducer causes considerable diffi culties). For example, in Nabtesco Reducers, the output link starting torque is reduced to the input link one using a reduction ratio. The main disadvantage of this method is the neglect of the reducer effi ciency in the measurements. Based on the analysis of existing methods and instruments for identifying the starting torque of an electric gear actuator, it can be concluded that they either have insuffi cient measurement accuracy or require signifi cant labor and time resources, which impedes the accelerated test of an actuator during its operation and on-condition maintenance. In addition, the improvement of existing methods in terms of automating the measurement process is a laborious task due to the presence of a large number of factors affecting the measurement result. The purpose of this paper is the development and experimental evaluation of a new method and instruments for measuring the starting torque of electric gear actuators for exoskeletons, which do not have the shortcomings inherent in existing methods and tools. Approbation of the proposed approach is supposed to be carried out on the basis of an electric actuator for an electromechan- 
THEORY AND METHODS

Description of a new method for determining the starting torque of an electric gear actuator
As noted above, one of the main indicators that assess the build quality of electric actuators for exoskeletons is the starting torque, which characterizes the level of friction between their elements.
To clarify the gist of the method proposed in this paper for determining starting torque, it is necessary to draw an analogy with the sequence of actions that are performed when determining it using an existing method. Fig. 1 shows the scheme of implementation of the method, which is widely used at present. According to the presented scheme, to determine the starting torque of an actuator, MS, an input link of a reducer attached to an additional fl ange is being loaded with a force, F, through the arm, R, which equals to the radius of the fl ange, until the starting torque, MS, overcomes the force of internal friction of the actuator, as a result of which it starts rotating. In this case, the force, F, is created by calibrated weights suspended by a strand wrapped around the fl ange. Thus, the static moment of friction in the units of the electric actuator is overcome by the gravity of those weights. On the other hand, overcoming the friction forces in the units of the electric actuator is possible with the help of its electric motor. Depending on the level of friction, to start rotating the system, the electric motor needs to consume a certain amount of energy, an indicator of which can be the current (starting current), which varies depending on the level of friction. This approach minimizes the impact of the human factor, is less time consuming, and allows assessing the build quality of an electric gear actuator and a reducer in an automatic mode, which contributes to its use not only at their assembly stage, but also at the stage of their operation. The scheme of implementation of the method developed in this paper is presented in Fig. 2 . At the fi rst stage, with the help of an electric motor 5, an input link 3 of a reducer 2 is driven into rotation. A current sensor registers the current value when the input link 3 turns through a predetermined angle, α, which is equal to the fi rst stage starting point of rotation. The angles of rotation of the input link 3 of the reducer 2 (electric motor output shaft) are determined using an absolute encoder 4, which is included in the test actuator. The rotation of the electric motor 5 is stopped when the predetermined angle, Δ, taken as the fi rst stage ending point of rotation, is reached. This angle is defi ned as the increment of rotational angle and calculated according to the following equation:
Where, i is a reduction ratio.
That was the end of the fi rst stage out of N ones of starting current identifi cation. Then, after the electric motor 5 stops, with a certain time delay, the process of measuring the current continues. At the second stage, the input link 3 is driven into rotation again. A current sensor registers the current value when the input link 3 turns through the angle α and reaches the second stage starting point of the reducer input link 3, which is determined as follows:
The rotation of the electric motor 5 is stopped when the (2) angle 2Δ, taken as the second stage ending point of rotation, is reached. Measurements of the current continue until the input link 3 of the reducer 2 makes i revolutions, which corresponds to one complete revolution of its output link 1. The calculated increment, Δ, allows completing the measurement process in the initial point of the rotation of the output link 1 of the reducer 2.
The number of stages of the starting current measurement can be determined according to the following equation:
Thus, during the test of an electric gear actuator according to the proposed approach, it operates in the intermittent mode, which allows determining the starting currents at different angles of rotation of an output link of a reducer. At the same time, having determined the coefficient that determines the dependence of starting torque on starting current of an electric motor (specifi ed in the motor certifi cate data or calculated experimentally), it is possible to determine the starting torque of an actuator on the basis of its starting current, and, therefore, assess its build quality and technical condition during operation.
It should be noted that the specifi ed increment of rotational angle, Δ, does not allow completely covering the entire rotational range of a reducer and an electric actuator. Therefore, an additional stage of the developed method is to measure the change in current when rotating an electric actuator steadily without interruptions. The speed of rotation is selected on the basis of a predetermined maximum permissible value of starting current. Thus, when exceeding this value above the tolerance, it is possible to detect an unacceptable increase in the level of friction in the units, and, consequently, to defi ne the technical condition of an electric actuator as unsatisfactory. Fig. 3 presents the block diagram of the implementation of the developed method for assessing the technical condition and the build quality of an electric gear actuator for an electromechanical orthosis of a lower limb exoskeleton.
Block diagram of the implementation of a new method for assessing the build quality and the technical condition of an electric gear actuator
In the course of statistical treatment of the starting torque values, the sampling variance, the standard deviation, the absolute and relative errors of measurement results at a given confi dence level are determined, and blunders that are to be excluded from the sample are found. Based on the results obtained, a decision on the permissibility of the further use of an actuator is made.
EXPERIMENTAL SETUP
To evaluate the proposed method for assessing the technical condition and the build quality of an electric gear actuator for an electromechanical orthosis of a lower limb exoskeleton, a hardware-software complex was developed ( Fig. 4) .
With the help of the presented hardware and software complex, the rotation angles of an input link of a reducer and the currents (starting currents) were registered. Based on the data measured by the developed complex, the instantaneous and average values of the desired quantities were determined. An absolute magnetic encoder with SSI interface was used to measure the rotational angles of an input link of a reducer. Structurally, it is an electronic chip with a small A motor power unit Mean Well HRPG-600-36 is rated for 36 volts DC. The reducer for an electromechanical orthosis of a lower limb exoskeleton is being developed in the laboratory Mechatronic Systems of the Volga State University of Technology as part of the project called "Creating a hightech production of a multifunctional robotic exoskeleton for medical purposes." These reducers are planetary types of reduction units with involute gearing. Its general view with an absolute encoder is shown in Fig. 6 .
To evaluate the reliability of the data obtained using the developed method and hardware-software complex, a test installation was proposed and assembled, which allowed measuring the starting torque of a reducer for an electromechanical orthosis of a lower limb exoskeleton using an existing method. The scheme of the developed test installation is presented in Fig. 7 .
To determine the starting torque of the reducer, the electric actuator was disassembled. The reducer was mounted on a special support. A fl ange with a diameter of 100 mm was attached to it. Metal wire with a diameter of 0.3 mm was wound on the fl ange. One end of the wire was attached to the fl ange, while the other one was attached Figure 7 : General view of a test installation for measuring the starting torque of a reducer for an electromechanical orthosis of a lower limb exoskeleton using an existing method to a dish for calibrated weights. In the experimental part of this paper, the starting torque values were determined in the initial positions of the fl ange after every two complete revolutions of it together with an input link of the reducer. The measurements had been carried out until its output link made one complete revolution with the number of the input link revolutions equal to a reduction ratio. Thus, in our case, one revolution of the output link of the reducer with a reduction ratio of 100 corresponds to fi fty measurements of the starting torque. The described installation for measuring the starting torque of the reducer with a reduction ratio of 100 is presented in Fig. 8 .
RESULTS AND DISCUSSION
The goal of the experimental part of this work was to evaluate the reliability of data obtained using the developed method and hardware-software complex for measuring the starting torque of a reducer developed in the laboratory Mechatronic Systems of Volga State University of Technology. For these purposes, at fi rst, using the developed hardware-software complex, the values of starting torque for various angles of rotation of the reducer input link were determined according to the block diagram presented in Fig. 3 . The value of the coeffi cient characterizing the dependence of its starting torque on its starting current was 109. The values of the starting torque of the reducer for each position of its output link corresponding to two revolutions of its input link were calculated on the basis of experimental data obtained. Then, measurements of starting torque were carried out for the same positions of the output link of the reducer using the experimental installation presented in Fig. 8 .
In the experimental part of this work in the application of the developed method 12 measurements of each angle position of the reducer output link were carried out, blunders were eliminated, random errors were determined and the average values were found. The values of the starting torque obtained using the developed method (Fig. 3 ) and the existing one ( Fig. 11 ) are presented in Table 1 .
According to the results presented in Table 1 , the discrepancy between the starting torque values obtained using the existing method and those obtained using the developed one is within ± 1.8%. The presented results show the convergence of data suffi cient for applying the developed method and hardware-software complex for evaluating the technical condition of electric actuators and reducers for an electromechanical orthosis of a lower limb exoskeleton both at the stage of their production and during their operation, as well as for further research aimed at the application of the proposed method for assessing electric actuators effi ciency and their residual life. 
CONCLUSIONS
The results of the presented experimental study indicate the applicability of the developed method for determining the starting torque of an electric gear actuator for an electromechanical orthosis of a lower limb exoskeleton. Evaluation of data obtained using the developed method has shown that the discrepancy between the starting torque values obtained by the existing method and using the developed one is within 1.8%, which is evidence of the effi cacy of the proposed approach. The hardware and software complex developed allows monitoring the starting torque of an electric actuator for an electromechanical orthosis of a lower limb exoskeleton in an automatic mode with lower level of infl uence of the human factor and with less time and labor costs as compared to existing measuring methods. The use of a built-in encoder of high accuracy for measuring the angle of position of an input shaft of a reducer paves the way towards accelerated assessment of the technical condition of an actuator without the use of additional equipment. At the technical state control department of a manufacturer, determining the tolerance for changing the starting current of an electric actuator, and also equipping it with a hardware-software complex, it is possible to quickly respond to the deterioration of its effi ciency, which allows improving the quality of its assembly, maintaining its high performance, as well as carrying out its timely maintenance and repair. The described method and instruments can form the basis of indirect methods for determining not only the level of friction in an electric gear actuator, but also its residual life and effi ciency without the use of expensive equipment. For these purposes, in further studies it is
